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Χυϛ΢Ϝ 0.003mg ʗ L ҎԼ
શγΞϯ ݕग़͞Εͳ͍͜ͱɻ
Ԗ 0.01mg ʗ L ҎԼ
࿡ՁΫϩϜ 0.05mg ʗ L ҎԼ
ᛜૉ 0.01mg ʗ L ҎԼ
૯ਫۜ 0.0005mg ʗ L ҎԼ
ΞϧΩϧਫۜ ݕग़͞Εͳ͍͜ͱɻ
̥̘̗ ݕग़͞Εͳ͍͜ͱɻ
δΫϩϩϝλϯ 0.02mg ʗ L ҎԼ
࢛ԘԽ୸ૉ 0.002mg ʗ L ҎԼ
1,2-δΫϩϩΤλϯ 0.004mg ʗ L ҎԼ
1,1-δΫϩϩΤνϨϯ 0.1mg ʗ L ҎԼ
γε-1,2-δΫϩϩΤνϨϯ 0.04mg ʗ L ҎԼ
1,1,1-τϦΫϩϩΤλϯ ̍ mg ʗ L ҎԼ
1,1,2-τϦΫϩϩΤλϯ 0.006mg ʗ L ҎԼ
τϦΫϩϩΤνϨϯ 0.01mg ʗ L ҎԼ
ςτϥΫϩϩΤνϨϯ 0.01mg ʗ L ҎԼ
1,3-δΫϩϩϓϩϖϯ 0.002mg ʗ L ҎԼ
ν΢ϥϜ 0.006mg ʗ L ҎԼ
γϚδϯ 0.003mg ʗ L ҎԼ
νΦϕϯΧϧϒ 0.02mg ʗ L ҎԼ
ϕϯθϯ 0.01mg ʗ L ҎԼ
ηϨϯ 0.01mg ʗ L ҎԼ
঳ࢎੑ஠ૉٴͼѥ঳ࢎੑ஠ૉ 10mg ʗ L ҎԼ
;ͬૉ 0.8mg ʗ L ҎԼ
΄͏ૉ 1mg ʗ L ҎԼ

























































































































































































































































































































































؀ڥอશ ࠃຽͷ೔ৗੜ׆ (Ԋ؛ͷ༡า౳ΛؚΉɻ) ʹ͓͍ͯෆշײΛੜ͡ͳ͍ݶ౓
ද 1.4 ੜ׆؀ڥͷอશʹؔ͢Δ؀ڥج४ (ބপ)

















0.4mg/L ҎԼ 0.03mg/L ҎԼ
IV
ਫ࢈̎छٴͼ























؀ڥอશ ࠃຽͷ೔ৗੜ׆ (Ԋ؛ͷ༡า౳ΛؚΉɻ) ʹ͓͍ͯෆշײΛੜ͡ͳ͍ݶ౓
























0.03mg/L ҎԼ 0.002mg/L ҎԼ 0.04mg/ҎԼ



















































ߦΘΕ͍ͯΔɽਤ 1.2 ͸ɼBo Zhou Β͕࡞੡ͨ͠ଟ߲໨ਫ࣭ηϯαͰ͋Δɽ͜ͷηϯα







ਤ 1.1 Ӵ੕͔Βͷ؍ଌΛجʹͨ͠ਫ࣭ଌఆͷྫ [3]
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ΠΦϯײԠੑిքޮՌτϥϯδελ (ISFET: Ion Sensitive FET) ͸ɼΠΦϯײԠੑ
(ΠΦϯײԠບ) Λ༗͢Δૉࡐ͕ήʔτిۃͱͳͬͨMOSFETͷΑ͏ͳߏ଄Λ͍ͯ͠Δɽ





















Α͏ʹɼSiO2 ͱൺֱͯ͠ SiNɼTa2O5ɼAl2O3 ͸௚ઢੑʹ༏Ε͍ͯΔɽྫ͑͹࣮ࡍʹൢ
ച͞Ε͍ͯΔ ISFET͸ɼࢎԽບ্ʹ SiN͕੒ບ͞Εɼ͞Βʹͦͷ্ʹ Ta2O5 ͕੒ບ͞
Ε͍ͯΔɽ͜ͷ૊Έ߹Θͤ͸ɼSiք໘ͷք໘४ҐΛ࠷΋཈͑Δ͜ͱ͕Ͱ͖Δ SiO2 ೤ࢎԽ





















ISFET ͷஅ໘ߏ੒Λਤ 2.4 ʹࣔ͢ɽ࡞੡ͨ͠ ISFET ͸ɼp-Si ΢ΤϋʹϦϯΛ֦ࢄ͢
Δ͜ͱͰ nܕιʔεɾυϨΠϯྖҬΛ࡞੡ͨ͠΋ͷͰ͋Δɽνϟωϧ͸۳ܗܗঢ়Λ༗ͯ͠


















͸ Vg ͷมಈΛ Id ͷมԽͰݕग़͢ΔૉࢠͰ͋ΔͨΊɼ๞࿨ྖҬΛ༻͍ΔɽैͬͯɼຊਤΑ
Γ ISFET͸ Vd ʹ 5VͰಈ࡞ͤ͞Δ͜ͱʹͨ͠ɽ




͸ࢀরిۃͱ ISFETͷιʔεؒʹόΠΞεిѹ (Vbias)ɼιʔε-υϨΠϯిѹ (Vds=5V)
ΛҹՃ͠ɼISFET ͷυϨΠϯిྲྀ (Id) Λଌఆ͢Δ΋ͷͰ͋Δɽࢀরిۃʹ͸ Ag/AgCl
ࢀরిۃΛ༻͍ͨɽ3छྨͷ pHଌఆثߍਖ਼༻ඪ४ӷ (pH=4: ϑλϧࢎਫૉΧϦ΢Ϝਫ༹
ӷ, 7: ΓΜࢎ؇িӷ, 9: ࢛΄͏ࢎφτϦ΢Ϝਫ༹ӷ)ʹ͍ͭͯଌఆΛߦͬͨ݁Ռɼਤ 2.8




























ਤ 2.7 MOSFETͷ Id −Vd ಛੑ

































͞Ε͍ͯΔɽΠΦϯηϯαʹ͸ ISFETɼREͱ CEʹ͸ PtిۃΛ༻͍͍ͯΔɽηϯαͷ

























ΛԼهͷωϧϯετͷࣜ (ࣜ 3.2) ʹΑͬͯද͢ɽ







E0͸ඪ४ిۃిҐɼR͸ؾମఆ਺ɼT ͸ઈରԹ౓ɼF ͸ϑΝϥσʔఆ਺ɼaH+ ͸ਫૉΠ
Φϯͷ׆ྔɼaH+ ͸ਫૉ෼ѹͰ͋Δɽ௨ৗͷਫૉࢀরిۃ͸ pH2 = 1ɼaH+ = 1ʹ͢Δ
͜ͱͰɼE = E0 Λ࣮ݱ͍ͯ͠ΔɽҰํɼ͜ͷηϯαͷࢀরిۃ͸ిؾ෼ղʹΑͬͯਫૉ















Ion sensor (ISFET) RE CE





















ISFET ੡଄ϓϩηεΛൃలͤͨ͞΋ͷͰ͋Δɽ࡞੡ϓϩηεΛਤ 3.2 ʹࣔ͢ɽ࠷ॳʹɼ
ISFETͷιʔε͓ΑͼυϨΠϯͱͳΔ nυʔϓྖҬΛ೤֦ࢄϓϩηεʹΑͬͯ࡞੡ͨ͠ɽ
υʔύϯτ͸ϘϩϯͰ͋Δɽ࣍ʹɼࢎԽບ૚ͷ࡞੡Λߦͬͨɽ೤ࢎԽʹΑͬͯ 60nm ް


























ਤ 3.2 ηϯαͷ࡞੡ϓϩηεɽ (a) ֦ࢄ૚ͱࢎԽບͷܗ੒ɽ (b) Al ഑ઢ૚ͷܗ੒ɽ




4 ݸͷηϯαΛ࡞੡͢Δ͜ͱ͕Ͱ͖ͨɽηϯα͸ ISFET ͱ Pt ిۃΛෳ਺ݸ౥ࡌ͍ͯ͠
Δɽਤ 3.1Ͱࣔͨ͠Ҏ֎ͷૉࢠʢѹྗηϯαɼԹ౓ηϯαɼTEG༻ͷMOSFETʣ΋ಉ࣌
























ϓ (JRC, NJM2119D) ʹΑͬͯ ISFETͷ఍߅஋͕ৗʹ఍߅ Rͱ౳͘͠ͳΔΑ͏ʹυϨ
Πϯిѹ੍͕ޚ͞ΕΔɽ͜ͷճ࿏தͷఆిྲྀݯ͸ఆిྲྀμΠΦʔυ (CRD) (SEMITEC,
E-101) ʹΑ࣮ͬͯ૷͞Ε͍ͯΔɽCRD͸ 100μAɼ఍߅ R͸ 10kΩͱͨͨ͠ΊɼISFET
ͷιʔεɾυϨΠϯؒిѹ͸ 1VΛҡ࣋͢Δɽͭ·Γɼ͜ͷճ࿏ͷग़ྗ Vout ͸࣍ࣜ (3.5)
ʹࣔ͢௨ΓͱͳΔɽ
Vout = Voffset + Vg (3.5)




























࣮ݧʹΑͬͯಘΒΕͨ pHͱηϯαग़ྗͷಛੑΛਤ 3.6ʹࣔ͢ɽిؾ෼ղલͷঢ়ଶ (ਤ
3.1(a)ʹ֘౰)Ͱͷଌఆɼిؾ෼ղޙͷঢ়ଶ (ਤ 3.1(c)ʹ֘౰)ͰͷଌఆɼAg/AgClࢀর
ిۃΛ༻͍ͨͱ͖ͷग़ྗΛಘͨɽAg/AgClࢀরిۃΛ༻͍ͨ৔߹ͷಛੑ͔Βɼ͜ͷηϯ
α͸ pH ʹର͢Δ໿ 20mV/pH ͷΠΦϯײԠੑΛ༗͍ͯ͠Δ͜ͱ͕෼͔Δɽ͔͠͠ͳ͕
Βɼωϧϯετͷࣜ (2) ΑΓ૝ఆ͞ΕΔ஋ (໿ 50mV/pH) ΑΓ΋௿͍ײ౓ͩͬͨɽཧ༝







pH Λ 7 ͱͯ͠ݻఆͨ͠ͱ͖ͷɼ֤ελʔϥʔͷճస଎౓ʹ͓͚Δਤ 3.1 ʹࣔͨ͠
(a)-(d)ͷҰ࿈ͷྲྀΕʹཁ͢Δ࣌ؒܦաͱ ISFETͷग़ྗ (ਤ 3.5ͷ Outputిѹ)Λਤ 3.7












































































ଌఆ૷ஔ (Digilent, Analog Discovery 2)ɼఆిྲྀμΠΦʔυ (SEMITEC, E-101) ͔Β
੒ΔɽISFET༻Ξϯϓ͸ΦϖΞϯϓ (JRC, NJM2119)Λ༻͍ͨιʔεϑΥϩϫճ࿏Ͱ͋
Γɼग़ྗిѹ͸ ISFETͷΠΦϯײԠບిҐʹ௥ै͢ΔɽAnalog Discovery 2͸ ISFET
ग़ྗͷϩΪϯάΛͭͭ͠ɼΞϯϓ΁ͷిݯڙڅ͓Αͼిۃ΁ͷిྲྀҹՃΛߦ͏ɽిۃ΁
ҹՃ͞ΕΔిྲྀ͸ఆిྲྀμΠΦʔυʹΑͬͯ 100μAʹݻఆ͞Ε͍ͯΔɽిۃ͸ 2ຕ༻͍

























ͱࢢൢͷྲྀ଎ηϯα (KENEK, VE10)Ͱྲྀ଎ଌఆΛߦͬͨɽ࣮ݧ؀ڥΛਤ 3.9ʹࣔ͢ɽ
3.5.2 ࣮ݧ݁Ռٴͼߟ࡯
࣮ݧ݁ՌΛਤ 3.10ʹࣔ͢ɽ10ඵؒͷిؾ෼ղऴྃ௚ޙΛ 0ඵͱͨ͠ɽྲྀ଎ܭͷଌఆ஋
ͱ ISFET ͷग़ྗ͕Ұఆ஋ʹͳΔ·Ͱͷ࣌ؒͱͷ૬ؔΛࣔͨ͠΋ͷΛਤ 3.11 ʹࣔ͢ɽ·
32
ਤ 3.9 ྲྀ଎ηϯαͷ࣮ݧ؀ڥɽ
ͨɼਤ 3.11 ΑΓಘΒΕͨ࠷খೋ৐๏ʹΑͬͯಘΒΕͨؔ਺ͷ܏͖͓Αͼܾఆ܎਺ R2 Λ





1.5V 1.6V 1.7V 1.8V
܏͖ -0.55 -0.84 -1.13 -1.39




































































ਤ 3.11 ྲྀ଎ܭͷଌఆ஋ͱ ISFETग़ྗ͕Ұఆ஋ (1.5V, 1.6V, 1.7V, 1.8V)ʹͳΔ·
Ͱͷ࣌ؒͷ૬ؔɽ
35
































ਤ 3.12 ISFETͷ࣌ؒมԽ (ిؾ෼ղऴྃޙ 4ඵؒΛ֦େ)ɽ
36
3.6 ݁࿦




















(Internet of Things) ͷߟ͑ํ͕޿·͓ͬͯΓɼηϯαωοτϫʔΫ΋Πϯλʔωοτ΁
ͷ઀ଓΛલఏͱ͢Δ৔߹͕ଟ͍ɽΠϯλʔωοτΛ༻͍ͨσʔλసૹΛߦ͏ʹ͸ɼΠϯ
λʔωοτͷϓϩτίϧεΠʔτʹରԠͤ͞Δඞཁ͕͋ΔɽΠϯλʔωοτͷϓϩτίϧ
















ूੵԽ͞ΕͨηϯασόΠεͷࣄྫͱͯ͠ 3 ࣠Ճ଎౓ηϯαͷ ADXL345 (Analog













ਤ 4.2 ADXL345ͷ SPI௨৴ʹ͓͚ΔಡΈग़࣌͠ͷλΠϛϯάνϟʔτ [35]





Ϛ෼໺Ͱ͸ OCF (Open Connectivity Foundation) Speciﬁcation[38] ͳͲͱ͍ͬͨ IoT
૷ஔʹ͓͚ΔϝʔΧʔؒͷࠩҟΛٵऩ͢Δ͜ͱͰ૷ஔར༻ͷརศੑͷ޲্ΛਤΔ࢓༷΋ଘ
























































(Tiny Universal Robot Interface Protocol) ʯΛఏҊ͢ΔɽTURIP͸ɺిࢠϞδϡʔϧ
43


















































































































































































































































































































































































































































































































































































































































































































Sensor nodes (End point)



























LPWAͷ௨৴Ϟδϡʔϧ (Πϯλʔϓϥϯ, IM920) Λ༻͍ͯηϯαωοτϫʔΫΛߏங
ͨ͠ɽߏஙͨ͠ηϯαϊʔυΛਤ 5.13ʹࣔ͢ɽ·ͨɼΠϯλʔωοτͷ઀ଓ͸ LTEճઢ





























































ਤ 5.12 ଌఆ݁Ռ (ిؾ఻ಋ౓)
58
ΓͰ͋ΔɽΠϯλʔωοτ্ͷγεςϜͷߏங͸ɼVPS (GMO, ConoHa VPS)ɼPaaS
(IBM, IBM Cloud)ɼνϟοτπʔϧ (Slack)Λ૊Έ߹Θͤͨɽ



















































100GHz Ҏ্Ͱͷಈ࡞Λظ଴͢Δ͜ͱ΋Ͱ͖Δ [44]ɽਤ 6.1 ͸୅දతͳ௨৴૷ஔͷߏ੒












͜ͱͰରॲ͢Δ [46, 47]ɽྫ͑͹ɼ઀఺ࡐྉʹ͸ AuɼPtɼPdɼRhɼRu౳ͷوۚଐ͕༻
͍ΒΕΔɽҎલͷݚڀͰɼAuͱΧʔϘϯφϊνϡʔϒ (CNTs) Λࠞ߹ͤͨ͞ Au/CNTs
ίϯϙδοτମ (Au/CNTs) Λ༻͍ͨ RF-MEMS εΠονΛࢼ࡞ͨ͠ [48]ɽ͜ͷͱ͖ɼ
Au/CNTs ͷ࡞੡ʹ͸ Au ిղΊ͖ͬӷதʹ CNTs Λ෼ࢄͤ͞Δख๏Λ༻͍ͨɽຊষͰ
͸ɼRF-MEMSεΠονͷ઀఺ʹ Au/ΧʔϘϯφϊνϡʔϒίϯϙδοτ઀఺Λ༻͍Δ
͜ͱͰɼͦͷण໋͕վળ͢Δ͜ͱΛ͔֬Ίͨɽ





Λ Auບ্ʹృ෍͠ɼͦͷ্͔Β AuΛ੒ບ͢Δ͜ͱͰ CNTsΛר͖ࠐ·ͤΔ͜ͱΛҙਤ
͍ͯ͠ΔɽCNTs͸εʔύʔάϩʔε๏ [51]Ͱ੡଄͞Εͨ΋ͷΛ༻͍ͨɽCNTs͸ N,N-
δϝνϧϗϧϜΞϛυ (DMF)Λओࡐͱ͢Δ༗ػ༹ഔʹ෼ࢄͤͨ͞ݒ୙ӷ (ਤ 6.2) ΛՃ೤
ͨ͠ج൘্ʹεϓϨʔίʔςΟϯά (ਤ 6.3) ͢Δ͜ͱʹΑͬͯಘͨɽ
ਤ 6.2 CNTsݒ୙ӷ
࠷ॳʹࢼͨ͠ํ๏͸ɼCNTs্ʹ AuΛεύολ͢Δํ๏Ͱ͋Δɽ͜ͷ݁ՌಘΒΕͨບ







ਤ 6.4 CNTs্ʹ AuΛεύολͨ͠ͱ͖ͷεΫϥονςετ݁Ռ

























ਤ 6.5 ࡞੡ͨ͠ RF-MEMSεΠονͷ໛ࣜਤɽ
ȝP
cantilever
resistive bias line ȝP
bias electrode
ਤ 6.6 ࡞੡ͨ͠ RF-MEMSεΠονͷஅ໘ਤɽ
65
ΧϯνϨόʔ͸ AuిղΊ͖ͬ (γʔυ૚͸εύολ)ʹΑͬͯ࡞੡͞Ε͓ͯΓɼͦ ͷްΈ
͸ 5 μm Ͱ͋ΔɽΧϯνϨόʔ෦ͷ઀఺͸ AuͰɼԼ෦઀఺ʹ Au/CNTs͕༻͍ΒΕ͍ͯ
ΔɽRF-MEMSεΠον͸ࢎԽບ෇͖ߴ఍߅ Si΢ΤϋΛج൘ͱͯ͠࡞੡ͨ͠ɽ࡞੡ϓϩ
ηεΛਤ 6.7ʹࣔ͢ɽ࠷ॳʹɼج൘্ʹ Tiͱ AuΛεύολͰ੒ບͨ͠ɽTi͸ 50 nmɼ
Au͸ 300 nm ͰɼTi͸ Auͷີண૚Ͱ͋Δɽ࣍ʹɼઌड़ͨ͠ख๏Ͱ Au/CNTs઀఺Λ
࡞੡ͨ͠ (ਤ 6.7(a))ɽࢎૉϓϥζϚΤονϯάΛߦͬͨޙͷߏ଄͸ɼࢎԽບ෇͖ Siج൘
্ʹ Tiີண૚ͱ Au૚͕͋Γɼͦͷ্ͷ઀఺ͱͳΔ෦෼ͷΈʹ Au/CNTs͕ܗ੒͞Εͯ
͍Δ΋ͷͰ͋Δɽ࣍ʹɼTi/Au૚Λ RF-MEMSεΠονͷԼ஍૚ͱ͢ΔͨΊʹΤονϯ
άΛߦͬͨɽ·ͨɼTiີண૚͸ Auͱൺ΂Ͱບް͕ബ͘ɼૉࡐࣗମͷ఍߅཰΋ߴ͍ͨΊɼ







Λ༻͍ͨɽԼ஍૚ͷ্ʹ NiΛ 1.5 μm εύολʹΑͬͯ੒ບͨ͠ɽ·ͨɼΧϯνϨόʔ
ͷ઀఺෦෼ͷΈɼ0.75 μm ͷਂ͞Ͱ Ar-IBEʹΑΔΤονϯάΛߦ͍ɼσΟϯϓϧ (઀఺
෦෼ͷಥى)Λܗ੒ͨ͠ (ਤ 6.7(c))ɽNi٘ਜ਼૚ͷܗ੒ޙɼAuΛεύολͯ͠γʔυ૚ͱ




Ε͕͋Δɽͦ͜Ͱɼਫਁ௮͔ΒΠιϓϩϐϧΞϧίʔϧ (IPA) ਁ௮΁ஔ׵ͤ͞ɼCO2 ௒





















ͷଌఆΛߦͬͨɽਤ 6.8 ͓Αͼਤ 6.9 ΑΓɼRF-MEMS εΠονͱͯ͠ͷػೳΛ༗͢Δ
͜ͱ͕ࣔ͞Εͨɽ




















ਤ 6.8 Au-Au/CNTs઀఺ RF-MEMSεΠονʹ͓͚Δ OFF࣌ͷ Sύϥϝʔλɽ




















ਤ 6.9 Au-Au/CNTs઀఺ RF-MEMSεΠονʹ͓͚Δ ON࣌ͷ Sύϥϝʔλɽ
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͍ͯΔ͜ͱ͕֬ೝ͞Εͨ (ਤ 6.11) ɽ͜ͷ෇ண෺ʹ͍ͭͯWDSʹΑΔݩૉϚοϐϯάΛ
















RF-MEMS εΠον͸ 5G Λࢧ͑ΔσόΠεͱͯ͠༗๬Ͱ͋Δ͕ɼण໋ʹ໰୊͕͋ͬ
ͨɽण໋ͷϘτϧωοΫͱͳ͍ͬͯΔͷ͸઀఺෦෼Ͱ͋Γɼͦͷ઀఺ૉࡐͷվྑʹΑͬͯ
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